X-ray diffraction experiments revealed the structure of the N photointermediate of bacteriorhodopsin. Since the retinal Schiff base is reprotonated from Asp-96 during the M to N transition in the photocycle, and Asp-96 is reprotonated during the lifetime of the N intermediate, or immediately after, N is a key intermediate for understanding the light-driven proton pump. The N intermediate accumulates in large amounts during continuous illumination of the F171C mutant at pH 7 and 5°C. Small but significant changes of the structure were detected in the x-ray diffraction profile under these conditions. The changes were reversible and reproducible. The difference Fourier map indicates that the major change occurs near helix F. The observed diffraction changes between N and the original state were essentially identical to the diffraction changes reported for the M intermediate of the D96N mutant of bacteriorhodopsin. Thus, we find that the protein conformations of the M and N intermediates of the photocycle are essentially the same, in spite of the fact that in M the Schiff base is unprotonated and in N it is protonated. The observed structural change near helix F will increase access of the Schiff base and Asp-96 to the cytoplasmic surface and facilitate the proton transfer events that begin with the decay of the M state.
The active site of an ion pump must communicate alternately with the two opposite sides of the membrane. Change of the protein conformation, linked to this switch, is therefore expected to be an essential step in the reaction cycle. In the light-driven proton pump bacteriorhodopsin (bR), the switch must occur after proton transfer toward the extracellular side but before proton transfer from the cytoplasmic side-i.e., while the proton binding site, the retinal Schiff base, is unprotonated. Thus, the switch reaction is expected to take place during the lifetime of the M intermediate in what was termed the Ml to M2 reaction (1) (2) (3) (4) (5) . Structural changes are indeed revealed by neutron, x-ray, and electron diffraction when photostationary states are created where the M intermediate accumulates (6) (7) (8) (9) . We have shown that this structural change is closely related to the deprotonation of Schiff base; in the original structure (conformation E) the proton channel is open to the extracellular side, and when an M-type conformation is assumed (conformation C) it is open to the cytoplasmic side (10) . Thus, the proton transport mechanism is elegantly explained by the alternating protein conformation model (11, 12) . Light energy is utilized to cause the initial proton transfer that triggers the structural transition from conformation E to conformation C, and that results in the change of access of the retinal Schiff base as well as further changes in proton affinity (pK) of donor and acceptor groups so as to drive proton transfers at strategic locations in the protein.
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The Schiff base is reprotonated from Asp-96 during M to N transition. Asp-96 is protonated in the unphotolyzed state, because it is located in a hydrophobic environment and has an unusually high pK. During the transition from M to N, this pK decreases and causes Asp-96 to deprotonate (13) , and during the N decay process the original high pK should recover and result in reprotonation of . Therefore, the next important problem in understanding the proton pump mechanism is how the pK of Asp-96 is controlled. The connectivity of Asp-96 to the aqueous phase of cytoplasmic side should be enabled in the N intermediate or later (14) (15) (16) (17) (18) ). An intense negative band in the amide I region in Fourier transform infrared (FTIR) difference spectra was observed in the N (19) (20) (21) (22) and in some cases a late M intermediate (23, 24) . This change was related to the change in the carbonyl group of Tyr-185 by attenuated total reflection FTIR using site-directed isotope labeling (25) . The motional freedom of helix F, where Tyr-185 is located, has been implicated in both the M to N reaction and the decay of N (26) .
The structures of the M intermediate reported in various laboratories show some common properties. The changes of significance are observed near helices B, F, and G (6-9). However, the M structures measured under various conditions are not necessarily identical to each other. The correlation coefficient of the changes in the intensities of reflections is only between 0.6 and 0.7 (9) . There are subtle but essential differences among the observed structural changes. Dencher et al. (6) reported that prominent changes are near helices F and G, and the change near helix B is less extensive. They used guanidine hydrochloride at low temperature to stabilize the M intermediate. Koch et al. (7) reached the same conclusion. They used the Asp-96 to Asn (D96N) mutant of bR. On the other hand, Nakasako et al. (8) reported that the most prominent structural changes occurred near helices B and G. They used arginine for the accumulation of M. These differences are discussed by Subramaniam et al. (9 (27, 28) . The mutated and wild-type bR were purified as a purple membrane sheet according to a standard method (29) .
X-Ray Diffraction Experiments. X-ray diffraction experiments were carried out with the MUSCLE Diffractometer (30) installed at BL-15A in the Photon Factory, using synchrotron radiation as described (8, 10) . The purple membranes with F171C and D96N mutant bR were suspended in 10 mM Mops (pH 7) and in 10 mM Caps (pH 11), respectively. A 20-,ul drop of each suspension was dried on a piece of Mylar sheet or aluminum foil, and another drop was layered onto the resulting wet film. The layering procedure was repeated four or five times. The thick film was incubated at room temperature at a relative humidity of 95% for 2 days.
X-ray diffraction profiles were recorded at the same position of the same specimen, with and without continuous illumination by a 1-kW slide projector, using a cut-off filter, R-60 (A > 600 nm) (Toshiba) for F171C and a cut-off filter, Y-51 (A > 510 nm) for D96N. Scattering from the Mylar film or aluminum foil was measured and subtracted from the diffraction profiles. The temperature of the sample (5°C) was controlled by circulating thermostatted water through a sample holder. Exposure time was 180 sec. Other details were as described (8, 10) .
The integral intensity of each Bragg reflection was calculated by a profile fitting with a nonlinear asymmetric function. Phases and intensity ratios for overlapping reflections were derived from cryoelectron microscopy data (31) .
Comparison of the structural changes were carried out with x-ray diffraction intensity changes. Correlation coefficients between pairs of data sets were calculated as follows:
and N is the total number of Bragg reflections used.
Spectroscopy. Spectra of the sample were measured with an optical multichannel analyzer (32) in the free-run mode before and during illumination with a 1-mW He/Ne laser. Although scattered light from the laser was recorded together with the absorption spectra, its bandwidth was narrow enough not to interfere with the spectral changes that originated from the photostationary state. (38, 39) . Thus, the absence of any red-shifted product in Fig. 1 excludes any significant amount of the photoproduct of N under continuous illumination.
RESULTS
The photostationary state of this specimen, being a mixture of N and unphotolyzed bR, is suitable for the x-ray diffraction experiment. The relative amount of N in Fig. 1 was estimated to be 22%, calculated using molar extinction coefficients of 32,500 and 63,000 M-1cm-1 for N and unphotolyzed bR, respectively, at 570 nm (37) . This is much lower than the amount of N we could accumulate in the x-ray diffraction experiment, where the actinic light, with a 1-kW slide projector, was much more intense and had a wide band (A > 600 nm). The estimated amount of N intermediate in the x-ray diffraction experiment was >50%.
Structural Changes in bR in the N Intermediate. X-ray diffraction patterns were recorded from oriented purple membrane films of F171C at 5°C in the presence and absence of continuous illumination (Fig. 2) . The results indicate that the hexagonal lattice structure of the purple membrane was similar to wild type in F171C, and the lattice was not distorted or destroyed by illumination. The lattice constant was slightly increased in the N intermediate, as observed earlier for the M intermediate (6) (7) (8) (9) . Since the photostationary state used for the x-ray diffraction experiment contained a mixture of N and unphotolyzed bR, and the ratio was not determined quantitatively, we could not obtain an inherent lattice constant for the N intermediate. We diffraction pattern. In Fig. 2 , the profile obtained with illumination (dashed line) is slightly shifted toward the right-hand side for the sake of easier comparison. It is evident in Fig. 2 that small but significant changes are observed in some of the Bragg reflections. The intensities of the (1,1), (4,0), (4,1), and (6,1) reflections are decreased, and those of (2,0), (3,2), (5,0), (4,2), and (5,1) are increased. These changes were completely reversible in the dark and reproducible with different samples. The correlation coefficient of the difference intensities A(I) = I(N) -I(trans-bR) for two different specimens in independent experiments was 0.95. The overall intensity change E|AI|/EI between the two states was 7%, which is smaller than the values (9%) obtained for the difference between M and unphotolyzed bR (7, 9) . This is partly due to the fact that here the specimen is a mixture of N and unphotolyzed bR, while the specimen for M contains only the M intermediate (6) (7) (8) . However, it is obvious from Fig. 2 that the N intermediate has a structure distinct from unphotolyzed bR.
From the x-ray diffraction difference amplitudes and the phases from electron microscopy (31), the difference Fourier map between N and unphotolyzed bR could be calculated to 7 A resolution (Fig. 3a) . Since the final state is the equilibrium between N and unphotolyzed bR, the difference Fourier map is proportional to the electron density difference between N and unphotolyzed bR, Ap, as fNAp, where fN is the ratio of N. Without knowledge of fN, we can only estimate the general features of the structural changes at N from the difference map. There are many small positive and negative peaks, but they are largely at the noise level, suggesting that no large global structural change occurred in the bR monomer and that the orientation of the bR molecules in the trimer was retained. The major structural changes are a pair of prominent positive and negative peaks in the vicinity of helix F and a large positive peak coincident with helix G. It is possible to attribute the former changes to movement of helix F away from the channel in the cytoplasmic half of the protein (9) . Recently, Brown et al. (26) Fig. 3 b and c, respectively . The similarity of the change near helix F in Fig. 3 a and b is especially suggestive. Table 1 ). The correlation coefficient between F171C and D96N is >0.90, indicating that the two sets of data are almost identical. This is consistent with the conclusion from a FTIR study that the photolyzed D96N under alkaline conditions has N-like protein structure despite the unprotonated Schiff base (MN) (24) . M and MN do not correspond to the Ml and M2 states found earlier (5), however. The M detected in these experiments may be either Ml or M2. Presumably, M is followed by MN in the photocycle, and MN is the state that accumulates in the photostationary state of D96N. (Fig. 3a) D96N (Fig. 3b) 0.93 F171C (Fig. 3a) D96N [Koch et al. (7)] 0.90 F171C (Fig. 3a) Wild type (Fig. 3c ) (8) 0.83 D96N (Fig. 3b) Wild type (Fig. 3c) Wild type (Fig. 3c ) (8) 0.70 D96N (Fig. 3b)  D96N [Koch et al. (7)] 0.94
According to Nakasako et al. (8), the characteristic structural changes in the M intermediate are near helices B and G, with only minor changes near helix F (Fig. 3c) . The correlation coefficient of intensity changes between the present result and Nakasako et al. (8) is only 0.83. The correlation coefficient for the intensity changes between the data by Koch et al. (7) and Nakasako et al. (8) is 0.70 (9) . The lower coefficients of correlation suggest that the intermediate states in these studies are closely correlated but not necessarily identical. It appears therefore that the structure of N in Fig. 3a is closer to the M intermediate of D96N (7) (Fig. 3b) than the M of the wild type (8) (Fig. 3c) .
DISCUSSION
The structural changes in the N intermediate are characterized as changes mainly near helices F and G. The density increase near helix G can be attributed to changes in the orientation or mobility of some amino acid residues. A pair of prominent positive and negative peaks near helix F suggest the movement of this helix away from the proton channel. The latter was offered in the interpretation of electron diffraction analysis of the M intermediate of D96G (9) . Such a movement would cause increased hydration of the cytoplasmic region of the protein (40) and enable widening of the proton channel and the increase of its access to the cytoplasmic surface (26) .
The structural changes observed in the present study (Fig.  3a) are almost identical to the changes for M in D96N at alkaline pH ( Fig. 3b and figure 5 in ref. 7) . The change near helix F thus appears to be a shared property of the MN and N states. Change near helix F was also reported from the electron diffraction study of D96G (9) and localized to the cytoplasmic half of the protein. In this report, the structural change for the M state in the wild-type protein was also determined. Both contained changes near helix G, but the change near helix F was prominent in D96G, while the change near helix B was more characteristic of the wild type (9) . The explanation given was that the change near helix B is to be attributed to the N intermediate (9) , because the photostationary state of the wild type was a 1:2 or 1:3 mixture of N and M under the conditions of the trapping (41) . The change near helix B was also observed by Nakasako et al. (8) for M in arginine-treated wild-type bR (Fig. 3c) . Subramaniam et al. (9) suggested therefore that the structure reported by Nakasako et al. (8) (23, 42) . They noted that the intensity changes at 240 K were closer to the changes observed by Koch et al. (7), while the changes of M at 260 K were closer to the changes reported by Nakasako et al. (8) . They concluded therefore that the structure observed by Nakasako et al. (8) The difference FTIR spectra for the MN and N intermediates are characterized by an intense negative band in the amide I region (19) (20) (21) (22) 24) . Using attenuated total reflection FTIR and site-directed isotope labeling, the negative band in N was assigned to a change in the vicinity of the carbonyl group of Tyr-185 in helix F (25) . Therefore, the structural change near helix F is expected to occur during M to N transition in the wild type and in the M to MN transition in D96N. This is confirmed by the present study. The intensity changes observed for the N intermediate are almost identical to the intensity changes for MN in D96N, as indicated in Table 1 . Therefore, we conclude that if N is formed from MN, as seems likely even in the wild-type protein where MN does not accumulate in significant amounts, that the structural change near helix F is retained in N in spite of the fact that the Schiff base becomes protonated.
These considerations leave the change near helix B unexplained, however. Even though Subramaniam et al. (9) measured a mixture of M and N, the amount of M was 2-3 times higher than N. Therefore, the majority of their diffraction changes should be attributed to M intermediate. We would suggest that the change near B helix is a property of the M intermediate that precedes MN. Since helices B, C, and G are connected through a hydrogen bonding network (1), deprotonation of Schiff base (helix G) and protonation of Asp-85 (helix C) would perturb their interaction. In helix B, there are Tyr-57 and Tyr-64, which are expected to be hydrogen-bonded with residues in helix C. Therefore, it is plausible that helix B is affected by the environmental change generated near the Schiff base in the M intermediate earlier than helix F. bR reconstituted from two individual helices corresponding to A and B, and the remaining five-helix fragment, produces two different M photoproducts, also suggesting the importance of B helix at M formation (44) .
We have argued previously that bR can assume at least two substantially different conformations (10) . One is conformation C, in which the proton channel between the Schiff base and the cytoplasmic surface is open. The other is conformation E, in which the proton channel between the Schiff base and the extracellular surface is open. The structure of unphotolyzed bR is conformation E, while the M structure is conformation C (10) . The transition between conformations E and C is an essential part of the reprotonation switch in the photocycle of bR (10, 12) . In this study, we describe the structure of the N intermediate and attempt to distinguish the smaller structural changes while the protein is in conformation C that seem to characterize different M substates and N. We suggest that the structural changes near helices G and B occur in the early M state in the photocycle that could be either MI or M2.
Following this, the change near helix B is replaced by tilt of helix F in the late M (MN) state and in N. Assuming that the structural changes occur in two steps, we postulate that the switch (10, 12) is composed of two phases. The movements of helices B and G, thus the transition to the early M state, would be the essence of the first phase of the switch. It would have the function of breaking the connection between the Schiff base and Asp-85 and/or establishing the connection with Asp-96. At this step, the structure is described as conformation C. The proton channel may or may not already be open to the cytoplasmic side, but the pKa of Asp-96 at this stage is still too high. The second half of the switch, controlled by the movement of F helix, will cause the decrease of the pKa of Asp-96, allowing proton transfer from Asp-96 to Schiff base.
